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1.  Background 


Since  the  mid  1990s,  micro-electromechanical  systems  (MEMS)  technologies  have  received 
increased  attention  for  use  in  portable  (<10  W)  power  applications,  therefore,  referred  to  as 
“Power  MEMS.”  Due  to  the  significant  energy  density  and  power  density  contained  within  the 
fuel  (at  only  10%  efficiency,  diesel  fuel  can  yield  4.2  MJ/kg,  which  is  10  times  more  than 
0.36  MJ/kg  for  primary  batteries),  liquid  hydrocarbon  fuels  are  favorable  energy  sources  as 
compared  to  conventional  battery  chemistries.  Power  MEMS  devices  that  have  been 
investigated  for  portable  power  and  take  advantage  of  the  high  density  energy  stored  in 
hydrocarbons  are  typically  rotational-based  devices  that  can  include  gas  turbine  generators  (1-3), 
steam  engine  generators  (4),  rotary  engine  generators  (5),  and  balance  of  plant  components  for 
fuel  cells  (6,  7). 

These  rotary  Power  MEMS  devices  require  microfabricated  silicon  rotary  elements  for  micro¬ 
motors,  micro-generators,  and  micro-turbomachinery.  Within  these  devices  the  friction  and  wear 
characteristics  of  the  bearing  mechanism  are  the  primary  detenninant  to  device  performance, 
reliability,  and  lifetime.  Understanding  the  tribology  characteristics  and  developing  bearing 
designs  to  minimize  both  friction  and  wear  is  critical  to  developing  a  robust  bearing  mechanism 
for  use  in  MEMS  technologies. 

Both  contact  and  non-contact  bearings  have  been  investigated  for  rotary  motion;  however,  no 
known  successful  commercial  implementations  exist.  MEMS  bearing  research  has  been  plagued 
by  short  lifetimes  with  poor  reliability  and  robustness.  Non-contact  bearing  designs  include 
magnetic,  electrostatic,  or  hydrostatic  air  bearings  (8-13).  These  bearings  have  high-speed 
capabilities  (>1  Mrpm  in  the  case  of  air  bearings)  and  can  be  controlled  during  operation  but 
only  at  the  cost  of  large  external  pressurization,  complex  fabrication  requirements,  and  complex 
electronic  control  and  integration  schemes.  Contact  bearing  designs  are  limited  to  center-pin 
bushings  that  are  simple  to  fabricate  and  operate  but  impart  a  large  amount  of  friction  due  to 
sliding  contact.  The  large  friction  ultimately  limits  the  operation  to  low  speeds  (14-17). 

Microball  bearings  are  an  emerging  technology  for  rotational-based  micro  devices  that  offer 
simple  fabrication  and  passive  operation  when  compared  to  non-contact  bearings.  Microball 
bearings  also  offer  low  friction  operation  of  dynamic  rolling  friction  when  compared  to  sliding- 
based  contact  bearings.  Initial  microball  bearing  research  was  focused  on  measuring  the 
coefficient  of  friction  between  stainless  steel  microballs  and  silicon  grooves  (18-20).  Both  linear 
and  rotary  micromotors  for  sensor  platforms  were  developed  that  used  microballs  placed  within 
small  silicon  grooves  to  support  a  slider  or  rotor,  respectively  (21,  22).  In  both  cases  the  slider  or 
rotor  is  forced  to  contact  the  microballs  only  by  gravity  or  electrostatic  means  (i.e.,  the  rotor  is 
not  fully  constrained),  and  therefore,  was  severely  limited  in  applications. 
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An  encapsulated  bearing  mechanism  was  developed  to  fully  constrain  the  rotor  without  the  need 
for  external  forces  (23-25).  In  previous  work,  the  microball  bearing  tribology  mechanisms  were 
studied  and  an  empirical  relationship  between  the  bearing  friction  torque  and  the  normal 
load/speed  was  developed  (25).  Two  key  issues  were  found  during  that  work:  (1)  there  was 
significant  surface  roughness  on  the  raceway  thrust  surface  caused  by  the  fabrication  process  and 
(2)  large  debris  generation  was  caused  by  the  bond  interface  at  the  radial  contact  surface.  The 
debris  generation  caused  a  drastic  drop  in  performance,  and  therefore,  required  periodic  cleaning 
to  bring  the  device  back  to  original  performance. 

In  this  work,  I  modified  the  design  and  fabrication  of  planar-contact  bearings  to  eliminate  debris 
generation  and  reduce  friction,  enabling  a  high-speed  and  high  reliability  bearing  mechanism.  I 
used  an  air  turbine  platform  to  characterize  the  modified  bearings  and  inspected  the  raceway  to 
verify  low  wear  operation  over  long  operating  periods. 


2.  Design 


2,1  Modified  Bearing  Design 

The  design  of  the  microball  bearing  raceway  is  limited  to  the  silicon  microfabrication  techniques 
(23).  I  chose  square-groove  annular  trenches  for  good  dimensional  control,  repeatability,  and 
uniformity  across  the  raceway  diameter  and  because  they  are  readily  achieved  using  deep 
reactive  ion  etching  (DRIE)  techniques.  Figure  1  illustrates  the  three  primary  fabrication  steps  to 
realize  a  rotor  supported  by  the  microball  bearings.  The  bearing  raceway  is  fabricated  from  two 
silicon  layers  with  annular  square-grooves  etched  into  the  surface  (figure  1,  Step  1)  that  are 
bonded  together  (figure  1,  Step  2)  to  form  an  encapsulated  microball  bearing.  Subsequently,  the 
outer  surfaces  of  the  bonded  stack  are  then  etched  to  release  the  rotor  so  that  it  is  only  supported 
via  the  microball  bearing  (figure  1,  Step  3). 

The  operation  of  the  bearing  mechanism  is  performed  by  integrating  a  motor  or  turbine  on  one 
side  of  the  rotor.  Since  the  journal  is  offset  to  ensure  the  microball  rides  on  a  planar  thrust 
surface,  a  net-positive  force  on  the  rotor  in  the  proper  direction  is  required  to  ensure  proper 
contact  on  the  correct  surface. 
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Figure  1.  Key  fabrication  steps  for  the  microball  bearing. 


The  bond  interface  between  the  two  rotor  layers  and  the  journal  etch  used  to  release  the  rotor  are 
critical  features  within  the  raceway.  In  previous  work,  the  design  of  these  features  limited  both 
the  perfonnance  of  the  bearing  and  the  ability  to  maintain  a  constant  performance  for  an 
extended  number  of  revolutions.  Here,  the  design  of  the  raceway  in  Step  1  is  modified  to 
increase  the  performance  as  well  as  the  ability  to  maintain  the  perfonnance  for  a  high  number  of 
revolutions.  Steps  2  and  3  in  the  fabrication  of  the  microball  bearing  remain  the  same  from 
previous  work  (23). 


The  previous  planar-contact  raceway  design  is  shown  in  figure  2a.  In  this  design,  the  annular 
square-groove  raceway  etched  into  each  silicon  die  with  the  same  depth  creates  a  bond  interface 
at  the  center  of  the  raceway  and  within  the  track  of  the  microball  bearing.  Debris  is  generated 
within  the  raceway  when  the  compressive  stress  exerted  on  the  raceway  is  larger  than  the 
fracture  strength  of  silicon.  The  maximum  compressive  stress  exerted  on  the  raceway  is 
determined  by  the  following  equation  (26): 


3  Q  ' 

2mb 


(1) 


where  Q  denotes  the  load  exerted  normal  to  the  race  from  the  ball,  a  is  the  semi-major  axis 
radius  of  an  elliptical  contact  area,  and  b  is  the  semi-minor  axis  radius  for  an  elliptical  contact. 
On  the  thrust  surface,  the  maximum  compressive  stress  is  calculated  to  be  <1.6  GPa  (for  a 
contact  area  of  >2  pm  and  load  of  500  mN),  well  below  the  typical  fracture  strength  of  silicon, 
which  is  between  7  and  30  GPa.  The  maximum  compressive  stress  exerted  on  a  corner  similar  to 
the  bond  interface  ranges  from  >30  GPa  (1  pm  radius  of  curvature,  <0.4  pm  contact  area)  to 
7  GPa  (23  pm  radius  of  curvature,  1.5  pm2  contact  area). 
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Figure  2.  Schematic  drawing  of  the  planar-contact  bearing  V.2  implemented  in  the  spiral-groove 
turbopump. 

The  large  amount  of  compressive  stress  at  the  bond  interface  corners  leads  to  subsurface 
fracturing  and  debris  generation.  This  is  confirmed  by  inspection  of  the  raceway  from  previous 
experiments.  Figure  3  shows  a  scanning  electron  microscope  (SEM)  image  of  an  extremely 
worn  bond  interface  after  less  than  100,000  revolutions.  The  microball  wear  track  wore  away 
10  pm  of  silicon  at  the  center  of  a  50- pm  wear  track  and  caused  a  significant  amount  of  debris. 
Multiple  cleaning  steps  after  operation  were  required  to  maintain  the  performance  of  the 
microball  bearing  designed  with  the  bond  interface  at  the  center  of  the  raceway.  In  this  work,  the 
bond  interface  is  moved  out  of  the  microball  wear  track  (figure  2b)  to  eliminate  the  high 
compressive  stress  at  the  comers,  thereby  reducing  the  potential  debris  generation  and  wear.  The 
maximum  compressive  stress  on  the  radial  raceway  surface  is  then  the  same  as  the  thrust  surface, 
which  exhibits  less  than  a  1-pm-deep  wear  track. 


Figure  3.  An  SEM  image  that  shows  the  worn  bond  interface  of  the 
planar-contact  raceway  after  <100,000  revolutions. 
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The  second  critical  feature  of  the  raceway  design  is  the  journal  at  the  base  of  the  square-groove 
trench.  Figure  4a  shows  the  fabrication  flow  used  in  previous  work  to  develop  the  planar-contact 
bearing.  In  that  work,  the  raceway  was  fabricated  using  a  nested  masking  process  where  the 
journal  was  first  patterned  and  etched  using  photoresist  (Step  2  to  Step  3)  and  then  the  annular 
square-groove  was  etched  using  an  underlying  silicon  dioxide  layer  (Step  4  to  Step  5).  In  this 
manner,  the  corner  of  the  journal  etch  is  “pushed”  down  during  the  etch  step.  The  top  surface, 
where  the  microball  bearing  rides,  was  inspected  using  SEM  analysis.  A  roughening  of  the 
surface  was  observed  (figure  5)  and  was  believed  to  arise  from  the  dynamics  of  the  passivation- 
etch  cycles  occurring  at  the  journal  comer.  The  silicon  at  the  base  of  the  square-groove  trench 
etches  faster  than  the  fluorocarbon  passivation  layer  on  the  journal  sidewall  causing  pillars  of 
passivation  material  to  develop  during  the  etch  step.  Once  the  aspect  ratio  of  the  pillars  becomes 
too  large,  the  pillars  fall  over  and  mask  the  edge  of  the  comer  on  the  square-groove  trench. 

To  eliminate  the  artifact  observed  at  the  journal  corner  using  the  nested-masking  process,  I 
developed  a  modified  spray  coat  process  (figure  4b).  In  this  process,  the  annular  square-groove 
trench  is  first  patterned  and  etched  using  a  photoresist  or  hard  masking  material  (Step  1  to 
Step  2).  Then,  photoresist  is  patterned  at  the  base  of  the  square-groove  trench  using  a  photoresist 
spray  coater  and  contact  lithography  (Step  3).  The  journal  is  then  etched  using  the  photoresist  to 
protect  the  raceway  surface  (Step  4)  and,  finally,  the  photoresist  layer  is  removed  (Step  5). 
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Nested  Mask  Process 


1)  Pattern  masking  layer  1 


2)  Spin  and  pattern  masking 


3)  DRIE  etch  using  masking 


4)  Strip  masking  layer  2 


Corner 

5)  DRIE  etch  using  masking  layer  1 

(a) 


Modified  Spray  Coat 


1)  Pattern  masking  layer  1 


2)  DRIE  etch  using  masking 


3)  Pattern  spray  coated  masking 


4)  DRIE  etch  using  masking  layer 


5)  Strip  spray  coated  mask  layer 

(b) 


Silicon 


Silicon  Dioxide 


Photoresist 


Figure  4.  (a)  Original  planar  bearing  fabrication  process  using  nested  photoresist  and  silicon  dioxide  masks 
and  (b)  new  planar  bearing  fabrication  process  eliminating  the  nested  masking  technique  for  a 
smooth  bearing  surface. 
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Figure  5.  SEM  image  showing  the  fabrication  defects  at  the  corner 
of  the  raceway  journal. 

2.2  Platform  and  Bearing  Design 

A  radial  in-flow  air  turbine  platform  is  used  for  controlled  actuation  of  the  rotor  supported  by  the 
microball  bearings  at  the  periphery  (figure  6a).  In  this  work,  I  designed  the  platform  to 
characterize  the  newly  developed  planar-contact  raceway  design  for  maximum  speed  and 
reliability.  The  air  turbine  device  is  composed  of  the  rotor  layer  (10  mm  diameter  rotor)  that 
houses  the  microball  raceway  and  a  turbine  manifold  layer  that  contains  the  turbine  inlet  and 
outlet  orifices  and  provides  a  capping  of  the  fluidic  pathways  of  the  device.  Turbine  operation  is 
achieved  by  providing  pressurized  air  through  24  inlet  orifices  aligned  just  outside  of  the  stator 
vanes.  These  vanes  turn  the  flow  through  the  rotor  blades  and  out  the  exit  of  the  turbine 
(figure  6b).  Patterned  tracking  marks  at  the  center  of  the  turbine  rotor  allow  the  rotational  speed 
to  be  monitored  during  operation.  More  details  on  the  design  of  the  turbine  platform  have  been 
reported  elsewhere  (25). 
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Figure  6.  Illustrations  showing:  (a)  cross-sectional  view  of  the  radial  in-flow  turbine 

supported  by  the  encapsulated  microball  bearing,  (b)  radial  in-flow  air  turbine 
design,  and  (c)  planar-contact  bearing  orientation. 

The  microball  bearing  is  placed  at  the  periphery  of  the  turbine  rotor  to  provide  high  stability 
(figure  6c).  The  design  of  the  raceway  is  shown  in  figure  7  and  the  dimensions  are  provided  in 
table  1.  From  figure  7,  hi  +  hi  and  wi  must  be  large  enough  to  ensure  proper  encapsulation  of  a 
285  pm  diameter  microball,  wj  must  be  made  large  enough  to  provide  sufficient  clearance  for 
rotation,  and  wj  must  be  made  large  enough  to  extend  past  the  entire  contact  area  between  the 
microball  and  silicon  race.  Given  predicted  fabrication  tolerances,  the  choice  of  w 3  in  table  1 
ensures  that  the  race  extended  well  past  the  expected  contact  area.  On  the  other  hand,  the 
remaining  length,  wi-{wi  +  vv?),  must  be  sufficient  enough  to  still  capture  the  rotor  when,  during 
fabrication  and  assembly,  the  load  is  flipped  in  the  opposite  direction. 
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Figure  7.  Schematic  of  the  planar-contact  design  employing 
an  off-center  journal. 


Table  1 .  Parameters  for  the  planar-contact  bearing. 


Bearing  Race 
Parameter 

Designed  Dimension 
(pm) 

dball 

285 

h  +  8h 

290 

Wj  +  5wy 

290 

W2  +  5w? 

30 

W3 

190 

The  bond  interface  was  moved  away  from  the  wear  track,  which  was  observed  to  be  50  |um  wide 
(figure  3).  Therefore,  the  bond  interface  was  moved  50  (am  from  the  center  of  the  raceway  by 
etching  the  raceway  95  (tin  (hi)  on  the  turbine  side  and  195  (tin  (h2)  on  the  opposite  side 
(figure  7).  The  journal  design  is  kept  30  pm  (w^)  wide  and  70  pm  (vv?)  from  the  closest  edge  to 
ensure  the  journal  edge  is  not  in  the  path  of  the  microball,  while  at  the  same  time  not  allowing 
for  a  large  sag  in  the  improper  direction. 

The  planar-contact  design  is  limited  to  operation  in  only  one  load  direction,  i.e.,  the  direction 
from  A’  to  A  along  the  rotational  axis  (figure  7).  If  the  bearing  were  to  operate  in  the  opposite 
orientation,  the  ball  would  revert  back  to  riding  on  a  comer  with  a  higher  wear  rate  (23).  The 
pressure  across  the  flat  rotor  surface  must  be  kept  above  the  pressure  across  the  turbine  side  to 
maintain  proper  normal  force  direction.  During  testing  this  is  achieved  by  sealing  the  flat  surface 
of  the  rotor,  which  allows  pressure  to  build  up  that  is  equal  to  the  turbine  inlet  pressure. 
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3.  Device  Fabrication 


The  turbine  platform  is  composed  of  two  separate  layers:  the  rotor  layer  and  turbine  manifold. 
Each  layer  is  fabricated  separately  and  then  aligned  and  clamped  together  by  the  device  fixture  to 
seal  the  fluidic  paths  (figure  8). 


Rotor  Layer 


Figure  8.  Key  fabrication  process  steps  for  the  microturbine  platform. 

3.1  Rotor  Fabrication 

The  rotor  layer  fabrication  starts  with  two  double-sided  polished,  4-in  silicon  wafers.  The 
annular  raceway  is  defined  in  each  of  the  layers.  On  the  bottom  rotor  layer,  the  raceway  is 
etched  shallow  to  95  pm,  while  the  opposing  wafer  is  etched  to  195  pm  (figure  8a).  The 
different  raceway  etch  depths  allow  the  bond  interface  between  the  two  layers  to  be  50  pm  from 
the  center  of  the  raceway.  This  way  the  microball  will  not  contact  the  interface.  After  the 
raceway  is  etched,  journals  are  patterned  using  spray  coated  photoresist  and  etched  using  DRIE 
(figure  8b). 

Using  a  contact  profilometer,  I  found  the  thickness  of  the  spray-coated  photoresist  to  be  much 
thinner  at  the  bottom  of  the  trench  than  on  the  wafer  surface  (figure  9).  In  addition,  the  two 
raceway  depths  had  two  different  photoresist  thicknesses.  Although  the  same  photoresist  spray 
coating  recipe  was  applied  to  both,  the  95  pm  deep  raceway  had  a  photoresist  layer 
approximately  8  pm,  while  the  195  pm  deep  raceway  had  a  photoresist  layer  approximately 
3.6  pm.  I  measured  the  thickness  of  the  spray  coated  photoresist  on  the  top  surface  to  be  10  pm. 
Each  race  should  have  specific  exposure  and  development  times  associated  with  the  different 
layer  thickness  at  the  bottom  of  the  raceway.  An  exposure  time  of  10  s  and  a  development  time 
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of  90  s  were  sufficient  to  clear  away  the  8  pm  thick  photoresist.  The  3.6  pm  thick  photoresist 
became  overexposed  and  developed  (30  pm  wide  line  became  35  pm  wide).  To  ensure  complete 
development,  the  patterns  on  the  wafer  surface  were  exposed  for  an  additional  5  s  using  a  second 
optical  mask. 


Figure  9.  Optical  photograph  of  a  silicon  trench  cross  section 

demonstrating  the  buildup  of  photoresist  at  the  corners  of 
a  trench.  Note  the  different  photoresist  thickness  between 
the  wafer  surface  and  the  trench  bottom. 

Once  the  journals  are  completed,  the  next  steps  are  to  bond  the  two  rotor  layers  together.  First, 
the  surfaces  are  cleaned  using  an  O2  plasma  ash  and  second  a  metal  adhesion  layer  is  deposited 
on  both  wafer  surfaces  to  be  bonded  using  electron  beam  deposition  (figure  8c).  The  adhesion 
layer  is  composed  of  a  chromium  (Cr)  (50  nm),  gold  (Au)  (50  nm),  gold-tin  (AuSn)  (1  pm),  and 
Au  (50  nm)  stack  for  eutectic  bonding.  The  metal  layers  are  patterned  using  a  shadow  mask 
made  from  a  silicon  wafer  during  the  deposition.  The  wafers  are  diced  after  metal  deposition 
and  microballs  are  placed  within  the  silicon  raceways  in  a  full  compliment  fashion,  totaling  up  to 
110  microballs.  The  two  layers  are  aligned  using  microballs  in  etched  pits  with  a  depth  of 
145  pm  (similar  to  our  previous  work  [9]).  This  enables  alignments  within  5  pm  and  even  better 
alignments  possible  with  smaller  etched  pit  tolerances.  The  eutectic  bond  is  perfonned  with  a 
temperature  of  330  °C  and  an  H2N2  forming  gas  to  help  breakup  any  oxidation  and  remove 
organic  material  from  the  surfaces  (figure  8d). 

The  final  step  in  the  fabrication  of  the  rotor  layer  is  to  release  the  rotor  using  the  patterned 
turbine  and  journal  on  each  side  of  the  die  (figure  8e).  These  layers  are  patterned  into  silicon 
dioxide  prior  to  dicing  the  wafers.  The  topside  of  the  rotor  is  released  using  a  45  pm  wide 
annular  ring,  which  is  15  pm  wider  than  the  journal  to  ensure  the  complete  width  of  the  journal  is 
released.  The  etch  depth  required  to  meet  the  pre-etched  journal  and  release  the  rotor  from  the 
topside  is  145  pm. 

The  radial  in-flow  air  turbine  is  patterned  into  the  silicon  dioxide  layer  on  the  turbine  side  of  the 
rotor.  The  torque  provided  by  the  turbine  to  the  first  order  using  Euler  turbomachinery  equation 
is  directly  proportional  to  the  blade  height.  To  increase  the  torque  provided  by  the  turbine  a 
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large  blade  height  is  needed;  however,  the  uniformity  of  the  etch  process  worsens  with  etch 
depth.  A  non-uniform  release  results  in  etched  pits  between  the  microballs,  which  could 
protrude  into  the  microball  contact  path  and  hamper  the  performance  of  the  bearing  ( 9 ).  A 
height  of  200  pm  was  chosen  to  provide  enough  torque  and  to  obtain  a  uniform  release  with 
measured  uniformities  less  than  1  pm  across  the  rotor  diameter.  Figure  10  shows  a  completed 
turbine  rotor. 


Figure  10.  Optical  image  showing  the  turbine  side  of  a  released  rotor. 

3.2  Turbine  Manifold  Fabrication 

The  turbine  manifold  is  fabricated  using  two  DRIE  etching  steps.  The  first  step  (figure  8f) 
patterns  a  cavity  to  provide  sufficient  clearance  for  the  turbine  blades.  The  normal  force  on  the 
turbine  rotor  causes  the  rotor  to  sag  into  the  cavity  during  operation.  The  depth  of  the  cavity  is 
chosen  such  that  the  clearance  above  the  turbine  blades  is  less  than  20%  of  the  200-pm  blade 
height.  This  is  sufficient  to  allow  most  of  the  flow  to  produce  torque  on  the  rotor.  The  second 
DRIE  step  completes  the  through  etches  from  the  backside  for  the  turbine  exhaust  and  fluidic 
ports  (figure  8g). 


4.  Experimental  Setup 


Two  packaging  schemes,  Scheme  1  and  Scheme  2,  were  used  to  investigate  the  bearing 
performance.  Scheme  1  was  used  to  investigate  the  high-speed  capabilities  of  the  raceway. 
Scheme  2  was  developed  to  test  a  micropump  using  the  bearing  mechanism  (27).  The 
micropump  device  was  also  used  to  investigate  the  reliability. 

The  packaging  scheme  for  Scheme  1  is  shown  in  figure  1 1 .  The  fixture  seals  on  the  topside  of 
the  device  using  a  gasket  and  thus  creates  a  thrust  pressure  plenum  pressurized  by  the  turbine 
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driving  fluid.  The  pressurized  backside  causes  the  direction  of  the  normal  force  to  be  towards 
the  turbine  exhaust  (downward  in  figure  11).  The  package  is  manufactured  using  conventional 
alumina  machining  techniques  and  is  composed  of  a  lid  and  a  base  plate  with  fluidic  ports.  The 
turbine  device  is  placed  on  top  of  o-rings  to  separate  the  turbine  inlet  from  the  turbine  exit.  The 
thrust  pressure  plenum  is  created  by  placing  o-rings  between  the  topside  of  the  device  and  a 
gasket.  The  o-ring  seals  are  compressed  using  screws  that  attach  the  lid  to  the  base  plate. 

Access  to  the  speed  measurement  geometry  on  the  turbine  rotor  is  provided  within  the  fixture  for 
an  optical  displacement  probe. 


Screw  Gasket  Aluminum  Lid 


Tufbine  Exit 


Turbine  Inlet  Aluminum  Jig 


Figure  11.  Illustration  of  the  packaged  turbopump  without  the  pump  plumbing  layer  to  characterize  the 
turbine  operation. 

The  packaging  scheme  used  in  Scheme  2  uses  the  same  fixture;  however,  instead  of  a  gasket/ 
o-ring  to  seal  the  topside  of  the  device,  a  pump  manifold  provides  the  sealing  mechanism 
(figure  12).  A  key  difference  between  the  packaging  schemes  is  the  amount  of  air  drag.  In 
Scheme  1,  air  drag  is  negligible  since  the  o-ring  thickness  of  1.6  mm  creates  a  large  cavity.  In 
Scheme  2,  the  gap  between  the  topside  rotor  surface  and  the  pump  manifold  is  15  pm,  which 
increases  the  effect  of  air  drag  by  more  than  100  times. 
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Screw  O-ring 


Aluminum  Lid 


Figure  12.  Illustration  of  the  mechanical  jig  with  the  turbopump  inside. 

The  gas  control  and  measurement  setup  and  the  speed  measurement  setup  with  a  computer 
interface  are  shown  in  figure  13.  The  turbine  inlet  flow  comes  from  a  house  nitrogen  line  that  is 
controlled  using  a  manual  in-line  valve.  The  flow  rate  and  pressure  are  measured  just  prior  to 
entering  the  device.  To  measure  the  rotational  speed  of  the  rotor,  an  optical  displacement  sensor 
is  placed  below  the  speed  measurement  marks  at  the  center  of  the  rotor.  The  raw  voltage 
contains  continuous  pulses  corresponding  to  a  passing  by  mark.  The  signal  is  read  into  Lab  View 
and  the  rotational  speed  is  deduced  from  the  frequency  found  using  a  Fast  Fourier  Transform 
(FFT)  algorithm. 
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Figure  13.  Schematic  of  the  experimental  apparatus  used  for  testing  the  microturbine  tribology  device. 
Note:  DAQ  =  Data  Acquisition 


5.  Results  and  Discussion 


5.1  Experimental  Results 

Two  rotor  devices,  Device  1  and  Device  2,  were  tested.  Device  1  was  packaged  using  Scheme  1 
to  test  the  high-speed  capability  of  the  bearing.  Device  2  was  tested  using  both  packaging 
schemes,  with  and  without  a  top  manifold  for  pump  operation  testing.  In  this  report,  I  only 
discuss  the  operation  of  the  turbine.  More  information  on  the  pump  operation  can  be  found  in 
reference  27. 

The  turbine  was  characterized  using  Device  2  with  Scheme  1  packaging  and  after  the  addition  of 
the  pump  manifold  using  Scheme  2  (figure  14).  The  flow  rate  required  to  operate  the  turbine 
increases  with  the  addition  of  the  pump  manifold  due  to  the  air  viscous  drag.  I  measured  the 
turbine  characterization  curve  throughout  the  experiments  to  track  the  behavior  of  the  bearing. 
The  curves  in  figure  14  were  taken  before  the  bearing  achieved  50,000  revolutions.  The  turbine 
was  characterized  again  with  Scheme  2  packaging  after  being  operated  for  more  than  2,000,000 
revolutions  with  no  degradation  observed  (figure  15).  Bearing  operation  was  continued  without 
significant  degradation  until  4,500,000  revolutions  when  testing  was  stopped  and  the  device 
dismantled  for  inspection. 
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Figure  14.  Turbine  characterization  up  to  10,000  rpm  in  air  before  and  after 
packaging  the  pump  manifold  layer. 
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Figure  15.  Turbine  characterization  curve  with  pump  manifold  before 

50,000  revolutions  and  after  exceeding  2,000,000  revolutions. 

A  high-speed  test  was  performed  using  Device  1  with  Scheme  1  packaging  having  the  gasket  and 
o-ring  to  seal  the  topside  of  the  device.  The  flow  rate  through  the  turbine  is  limited  by  the 
turbine  fluidic  resistance  and  the  pressure  drop  from  the  turbine  inlet  upstream  of  the  diffuser 
vanes  and  the  turbine  outlet  at  ambient.  I  recorded  the  maximum  flow  rate  with  the  current 
experimental  apparatus  at  13  slm  with  an  estimated  turbine  pressure  drop  of  2  psi  (assuming  half 
of  the  pressure  drops  through  the  static  diffuser  vanes  and  the  other  half  drops  through  turbine 
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blades).  At  this  flow  rate  the  radial  in-flow  air  turbine  and  the  modified  planar-contact  bearing 
were  able  to  achieve  rotational  speeds  in  excess  of  85,000  rpm  (figure  16),  a  factor  of  two  greater 
than  previous  work  (25). 
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Figure  16.  Demonstration  of  high-speed  operation  with  the  planar-contact  V.2  bearing  and  the  radial 
in-flow  air  turbine. 

The  speed  is  expected  to  increase  further  with  flow  rate,  but  will  eventually  be  limited  when  the 
normal  force  on  the  rotor  becomes  too  large.  Two  solutions  to  increase  the  flow  through  the 
turbine  are  to  increase  the  turbine  blade  height  and  to  decrease  the  fluidic  resistance  in  the  inlet 
line.  The  coupling  between  the  driving  turbine  flow  and  the  rotor  normal  force,  however,  will 
eventually  limit  the  speed  of  the  rotor.  As  the  normal  force  increases  so  does  the  power  loss  to 
the  bearings.  It  is  crucial  to  decrease  the  coupling  between  the  turbine  rotor  speed  and  the  rotor 
normal  force  to  enable  applications  that  require  higher  tip  speeds. 

5.2  Raceway  Inspection 

A  fresh  raceway  device  was  first  inspected  using  SEM  analysis  to  observe  the  thrust  surface  in 
proximity  to  the  journal  (figure  17).  I  fabricated  this  device  using  the  new  modified  spray  coat 
process  and  no  etch  artifact  is  observed  at  the  edge  of  the  journal  when  compared  to  the  raceway 
shown  in  figure  5,  which  was  fabricated  with  the  nested  mask  process.  A  smooth  surface 
minimizes  debris  generation  and  allows  for  longer  run  times  without  cleaning. 

Device  1  and  Device  2  were  separated  after  the  experiments  to  visually  inspect  the  raceway 
surfaces.  The  AuSn  eutectic  layer  bonding  the  two  rotor  layers  together  is  easily  separated  using 
a  razor  blade  inserted  at  the  bond  interface.  This  adhesion  layer  enabled  separation  of  the  device 
without  damaging  the  surfaces. 
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Figure  17.  SEM  image  showing  the  top  down  view  of  the  bearing 
thrust  surface  using  the  modified  spray  coat  process. 

The  raceway  surfaces  of  Device  1  and  Device  2  are  shown  in  figure  18.  In  Device  1 
(figure  18a),  the  wear  track  depth  on  both  surfaces  was  estimated  to  be  1  pm  deep  with  <100,000 
revolutions  with  a  peak  thrust  load  of  2  N.  In  Device  2  (figure  18b),  the  wear  track  depth  on  the 
thrust  surface  was  estimated  to  be  6.5  pm  and  on  the  radial  surface  was  estimated  to  be  2.5  pm 
(figure  19)  after  4,500,000  revolutions  with  an  average  thrust  load  below  500  mN.  The 
difference  between  the  wear  of  Device  1  and  Device  2  suggests  the  rotor  wear  can  change  the 
sag  within  the  rotor  (rotor  play  in  the  axial  direction)  over  time;  however,  the  perfonnance  of  the 
bearing  mechanism  does  not  change.  Hard  coatings  with  appropriate  elastic  and  hardness 
properties  compared  to  the  stainless  steel  microballs  (e.g.,  cubic  boron  nitride  or  titanium  nitride) 
will  be  crucial  to  reduce  the  wear  on  the  thrust  surface  for  applications  where  the  rotor  sag  plays 
an  important  role  in  determining  the  performance.  Future  work  will  focus  on  developing 
raceways  with  hard  coatings. 


Figure  18.  SEM  images  of  the  rotor  raceway  thrust  and  radial  surface  for  (a)  Device  1  and  (b)  Device  2. 
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The  low  wear  of  Device  1,  after  reaching  speeds  greater  than  85,000  rpm,  suggests  that  higher- 
speeds  are  possible.  The  failure  of  this  device  was  caused  by  fracturing  of  the  raceway  due  to 
the  enormous  thrust  force  of  2  N,  not  by  the  high-speed  operation.  In  this  work,  the  thrust  force 
on  the  rotor  is  coupled  with  the  pressure  driving  the  air  turbine.  The  pressure  buildup  on  the 
topside  of  the  rotor  to  maintain  proper  microball  contact  is  not  controlled.  Methods  to  bleed  the 
pressure  at  high  speeds  can  be  integrated  into  the  device  to  help  alleviate  the  pressure  buildup 
while  ensuring  proper  microball  contact.  Thrust  force  control  or  the  use  of  an  alternate  driving 
mechanism,  like  a  micromotor,  will  enable  devices  to  reach  higher  speeds. 

Previously,  the  radial  surface  wear  track  depth  was  >15  pm  for  a  device  operated  for  <100,000 
revolutions  (figure  3)  versus  2  pm  for  the  device  operated  for  more  than  4,500,000  revolutions 
(figure  19).  This  is  a  dramatic  improvement  that  allows  for  a  tighter  raceway  tolerance  to  be 
built-in,  reducing  the  amount  of  play  the  rotor  has  in  the  radial  direction.  Rotor  play  can  lead  to 
significant  whirl  and  axial  misalignment,  which  is  critical  for  micromotor  and  micropump 
applications.  Small  changes  in  the  alignment  between  the  stator  and  rotor  can  drastically 
decrease  the  perfonnance  of  such  machines.  The  radial  surface  exhibits  less  wear  than  the  thrust 
surface  due  to  low  radial  loads  in  the  application  of  micropumps,  micromotors,  and 
microgenerators.  The  low  wear  of  this  surface  suggests  silicon  will  be  suitable  for  many 
applications.  Like  the  thrust  surface,  hard  coatings  will  be  required  on  the  radial  surface  for 
applications  having  a  need  for  tighter  tolerances.  In  this  case,  a  growth  process  will  have  to  be 
developed  to  ensure  deposition  on  the  sidewall  as  opposed  to  the  thrust  surface  where  a 
deposition  technique  or  a  growth  process  will  be  suitable.  Requirements  of  radial  surface 
coatings  will,  therefore,  limit  the  materials  available. 


Figure  19.  SEM  image  showing  a  close-up  of  the  radial  raceway 
surfaces  for  the  new  design  with  the  bond  interface 
moved  away  from  the  ball  wear  track. 
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6.  Conclusions 


I  designed  and  fabricated  a  modified  bearing  raceway  to  eliminate  microfabrication  artifacts  and 
minimize  raceway  wear  and  debris  generation.  The  modified  design  positions  the  bond  interface 
out  of  the  expected  microball  wear  track  to  reduce  the  radial  raceway  surface  wear.  This 
positioning  eliminates  the  large  debris  generation  within  the  raceway  and  allows  for  tighter 
tolerances  to  be  manufactured  in  the  raceway.  I  also  developed  a  fabrication  method,  including  a 
spray  coat  photoresist  step,  to  eliminate  surface  roughness  on  the  raceway  thrust  surface  and 
ensure  a  smooth  contact  area  for  the  microballs. 

The  newly  developed  devices  achieved  a  tremendous  improvement  in  wear  over  much  larger 
speeds,  durations,  and  rotor  forces.  I  demonstrated  over  4,500,000  revolutions  without 
noticeable  change  in  device  perfonnance,  which  is  a  four-fold  improvement  from  previous  work 
and  did  not  require  initial  run-in  procedures  that  include  multiple  cleaning  steps.  I  also 
demonstrated  high-speed  operation  exceeding  85,000  rpm.  The  high  pressure  and  flow  required 
to  reach  the  high-speeds  using  the  air  turbine  caused  a  significant  amount  of  normal  force  on  the 
rotor,  eventually  causing  its  failure.  Low  raceway  wear  suggests  that  higher  speeds  are  possible 
for  the  microball  bearing,  but  redesign  of  the  device  to  uncouple  the  nonnal  force  on  the  rotor 
from  the  driving  turbine  is  necessary.  The  work  reported  here  demonstrates  the  reliability  and 
high-speed  capability  of  microball  bearings,  which  are  sufficient  for  micropump,  micromotor 
applications,  and  low-speed  power  generation. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


Au 

gold 

AuSn 

gold-tin 

Cr 

chromium 

DAQ 

Data  Acquisition 

DRIE 

deep  reactive  ion  etching 

FFT 

Fast  Fourier  Transform 

MEMS 

micro-electromechanical  systems 

SEM 

scanning  electron  microscope 
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